Perceiving the world around us is something most of us take for granted. However, capturing huge quantities of data and understanding it as we walk, run, drive, or pedal a bike is a task of incredible complexity. To perceive the world, we use our 'builtin' nervous system and sensory organs. Similarly, to perceive the world around them, autonomous systems (robots, planetary explorers, etc.) require sensory systems that are not overly burdensome in terms of weight, power consumption, and size.
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Since vision is such an important sense for perception, an autonomous system must also have an efficient functioning visual system that is appropriate for its intended use. For example, there is a difference between mounting a visual system on an aircraft carrier and outfitting a Mars Rover with artificial vision.
The main goal of our research is to develop novel methods for improving visual processing for autonomous systems. We feel that the best approach is to use nature as our model. Indeed, animal visual systems perform extremely well under the constraints of limited power (food for energy) and space (eye and brain size). Thus, our group is creating biologically inspired silicon vision systems, combining analog integrated circuit (chip) design, optoelectronics, and neural networks.
Analog CMOS VLSI (complementary metal oxide silicon and very large scale integration) technology is a combination of analog signal processing and high-density transistor circuits that represents an active research area in biologically based vision and hearing processing systems. [1] [2] [3] [4] [5] [6] [7] CMOS is the semiconductor technology used to create standard computer chips, and their fabrication is accordingly straightforward and inexpensive. VLSI is the process used to place tens of thousands of transistors on a chip. The perception functions performed by animals require the real-time processing of huge amounts of data, but not at very high levels of precision. Hence, analog VLSI is ideally suited to implement biologically based processors. Our initial work was based on the silicon retina developed by Mead and Mahowald. 8 Our system had a parallel optical output that eliminated the need to sequentially read out the data from each pixel. 9 Subsequently, we developed a custom system that could determine depth perception. 10 Our method was based on stereopsis, a visual process that results in depth perception owing to the different physical position of the two eyes.
In our work, we have investigated alternate methods for obtaining depth information from motion. We have designed an integrated circuit embedded in a larger system that computes the velocity of a light source using motion parallax, the apparent shift of an object against a background due to a change in observer position. The velocity information is obtained from an output current pulse whose duration in time is proportional to the differences in the speed of light sources across the detector array. 11, 12 Our work has also defined the conditions under
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Figure 2. A conceptual structure combining vision chips (labeled 1-5) with different primary functions on a single circuit board that can be used as the front-end visual system of a robot.
which using motion parallax for depth perception is valid. Finally, we have used our system to validate these theories for the first time.
We have also approached the problem of visual perception by attempting to mimic the visual processing capabilities of specific animals. We selected the octopus visual system as our model by mimicking two of its interesting aspects, namely, its orientation and polarization sensitivities. 13, 14 Orientation sensitivity refers to its inability to distinguish between mirror oblique objects. We have demonstrated this aspect using our octopus-retina chip (see Figure 1 ) and in subsequent neural network studies. 14 Polarization sensitivity in the octopus is mainly based on the orthogonal arrangement of its photoreceptors. Our implementation uses a birefringent micropolarizer made of YVO 4 (yttrium vanadate) and mounted on a CMOS chip with neuromorphic circuitry to process linearly polarized light. Our prototype has an 8 × 5 array with two photodiodes per pixel.
We have demonstrated that visual perception systems can be fabricated using small, low-power chips. But to date, our work has only scratched the surface of the problem of visual perception. Future work will include combining different visual systems to create uniquely specialized perception systems, fusing data from our visual systems with other stimuli or a priori knowledge (see Figure 2) , and the development of improved neural network hardware for back-end (or high-level) information processing. 
